Among the many types of neurons expressing protein kinase C (PKC) enzymes, cerebellar Purkinje neurons are particularly reliant on appropriate PKC activity for maintaining homeostasis. The importance of PKC enzymes in Purkinje neuron health is apparent as mutations in PRKCG (encoding PKCc) cause cerebellar ataxia. PRKCG has also been identified as an important node in ataxia gene networks more broadly, but the functional role of PKC in other forms of ataxia remains unexplored, and the mechanisms by which PKC isozymes regulate Purkinje neuron health are not well understood. Here, we investigated how PKC activity influences neurodegeneration in inherited ataxia. Using mouse models of spinocerebellar ataxia type 1 (SCA1) and 2 (SCA2) we identify an increase in PKC-mediated substrate phosphorylation in two different forms of inherited cerebellar ataxia. Normalizing PKC substrate phosphorylation in SCA1 and SCA2 mice accelerates degeneration, suggesting that the increased activity observed in these models is neuroprotective. We also find that increased phosphorylation of PKC targets limits Purkinje neuron membrane excitability, suggesting that PKC activity may support Purkinje neuron health by moderating excitability. These data suggest a functional role for PKC enzymes in ataxia gene networks, and demonstrate that increased PKC activity is a protective modifier of degeneration in inherited cerebellar ataxia.
Introduction
Cerebellar ataxias are a heterogeneous group of disorders with degeneration in the cerebellum and its connections (1, 2) . Diverse genetic forms of ataxia produce a shared pattern of degeneration of cerebellar neurons, and in many cases a profound loss of cerebellar Purkinje neurons. The basis for the vulnerability of cerebellar Purkinje neurons in ataxia is unclear. Recent work has identified altered membrane excitability as one of the mechanisms for Purkinje neuron vulnerability in ataxia (3) . This is supported by genetic causes of ataxia that result from mutations in ion channels that regulate membrane excitability, as well as identification of alterations in ion channel expression and function in other causes of ataxia not directly related to ion channel mutations (4) . Cerebellar ataxia can also result from alterations in signaling Protein kinase C (PKC) enzymes are a family of serine/threonine kinases with widespread expression throughout the brain (5) . They play important roles in synaptic function, ion channel regulation, neurite outgrowth, synaptic plasticity and in learning and memory (6) . The expression of several PKC isozymes is particularly enriched in the cerebellum, where PKC activity plays an important role in normal Purkinje neuron function (7) . In vitro studies have shown that phorbol esters that activate PKC enzymes produce profound impairment in Purkinje neuron dendrite development (8) . Furthermore, mutations in PRKCG, encoding the PKCc isozyme, cause spinocerebellar ataxia type 14 (SCA14) (9) (10) (11) , a form of cerebellar ataxia with selective Purkinje neuron degeneration (12) despite widespread expression of PKCc (5) . Increased enzyme function (13) , novel gain of function (14, 15) and reduced enzyme function (16) have all been proposed as mechanisms by which PRKCG mutations produce Purkinje neuron pathology. Finally, analysis of gene coexpression in human cerebellar tissue has revealed that PRKCG is a node in an interrelated module for many ataxia-linked genes (17) , and protein products of the ataxia-linked genes ITPR1 (codes for the type 1 IP3 receptor, implicated in SCA15/16), TRPC3 (codes for TRPC3, implicated in SCA41) and KCNC3 (codes for Kv3.3, implicated in SCA13) are already known to be PKC substrates (16, 18, 19) . Taken together, these findings suggest that appropriate PKC activity is critical for maintaining Purkinje neuron homeostasis, and they raise the possibility that altered PKC activity could play a role in forms of cerebellar ataxia beyond SCA14.
Given the importance of PKC enzymes in Purkinje neuron health and the data suggesting that PKC enzymes are a node in ataxia gene networks, we hypothesized that PKC activity might influence degeneration in inherited and sporadic ataxias more broadly. Using mouse models of spinocerebellar ataxia type 1 (SCA1) and spinocerebellar ataxia type 2 (SCA2) as well as patient autopsy tissue from SCA1 and multiple system atrophy (MSA), we demonstrate that increased PKC activity can be observed in several forms of cerebellar ataxia. We demonstrate that this activity is mediated by conventional PKC isozymes, implicating PKCa and/or PKCc, and that it occurs in association with changes in DAG metabolism. Inhibiting PKC activity results in accelerated Purkinje neuron degeneration in SCA1 and SCA2 mouse models, suggesting that increasing PKC activity is neuroprotective in these forms of cerebellar ataxia. Finally, we demonstrate that increased PKC activity reduces Purkinje neuron membrane excitability, suggesting that PKC activity may influence neurodegeneration through its ability to modulate ion channel function. These findings establish a novel role for PKC activity as a modifier of neurodegeneration in forms of cerebellar ataxia not caused by PKC gene mutations.
Results

Increased PKC substrate phosphorylation is observed in SCA1
We wished to examine alterations in Purkinje neuron PKC activity associated with neurodegeneration in SCA1. Previous studies in the ATXN1[82Q] model of SCA1, a transgenic model where glutamine-expanded ATXN1 is expressed solely in Purkinje neurons, have demonstrated that motor impairment begins at 5 weeks of age in the absence of significant degeneration (20, 21) . We therefore first examined PKC activity in 5-week-old ATXN1 [82Q] tg/tg mice. Since not all substrates of PKC have been identified, in order to investigate alterations in PKC activity, we used an antibody that recognizes phosphorylated serine residues within the PKC consensus motif on substrates (22 Fig. S1A ), supporting the conclusion that signal detected using this antibody is an indicator of steady-state phosphorylation of substrates by PKC enzymes.
Since the specificity of this antibody for labeling only substrates phosphorylated by PKC isozymes is unknown, we also confirmed this increase in PKC activity by assessing the phosphorylation of Ser 880 on the GluA2 AMPA receptor subunit, a known PKC substrate (24) that is highly enriched in cerebellar Purkinje neurons (25) tg/tg mice.
The relevance of the observed increases in PKC activity to human disease was confirmed using post-mortem tissue from patients with SCA1 ( Fig. 1H) 3C ). These data suggest that the increased PKC activity observed in SCA1 mice is a protective modifier of neurodegeneration.
Increased PKC activity is a shared protective modifier pathway in other ataxias
To explore a potential role for PKC enzymes in another cerebellar ataxia, we examined whether PKC activity was altered in a mouse model of SCA2 (37) . In this model of SCA2, glutamine-expanded ATXN2 is expressed solely in cerebellar Purkinje neurons (38 and F). These data demonstrate that increases in PKC activity oppose dendritic degeneration in several models of ataxia.
To further explore the spectrum of cerebellar disease in which PKC activity may modify disease pathogenesis, we examined human post-mortem tissue of MSA, a sporadic, heterogeneous neurodegenerative disease that in some cases can have prominent Purkinje neuron loss (40) . We assessed PKC substrate phosphorylation in surviving Purkinje neurons from postmortem MSA samples that were noted at autopsy to have significant Purkinje neuron loss (demographics summarized in Supplementary Material, Table S2 ). MSA samples were compared to age-matched samples from patients with Alzheimer disease (AD), a neurodegenerative disease with limited cerebellar involvement (41, 42) . AD tissue was used as a control in order to determine whether merely having a neurodegenerative disease was sufficient to increase PKC substrate phosphorylation. MSA Purkinje neurons showed a significant increase in phosphorylated PKC substrate-to-calbindin ratio relative to age- 
Increased PKC activity limits Purkinje neuron excitability in ataxia
Previous studies have demonstrated that altered intrinsic excitability is an important driver of neurodegeneration in the ATXN1[82Q] model of SCA1 (20, 23) and in other models of cerebellar ataxia (43, 44) . Altered Purkinje neuron spiking is also described in cerebellar slices from mouse models of SCA2 (38) , SCA3 (45) and SCA6 (46) as well as in vivo in SCA2 mice (47) . PKC family members influence the function of ion channels that regulate membrane excitability (18, (48) (49) (50) , and we therefore sought to investigate whether increased PKC activity might exert its neuroprotective effect by altering Purkinje neuron excitability.
To assess this possibility, cell-attached and whole-cell patch clamp somatic recordings were performed from ATXN1 5B ) and increased spike irregularity (Fig. 5C ). Analysis of spikes from wholecell patch clamp recordings of baseline spiking revealed reduced amplitude ( Fig. 5D and E) of the after-hyperpolarization (AHP), consistent with our prior work in this model of SCA1 (23) . This reduction in the AHP likely underlies the irregular spiking (51, 52 S4A ). This increase in excitability caused by PKCi transgene expression was restricted to the SCA1 background, as the threshold for depolarization block was indistinguishable between PKCi tg/-and wild-type mice (Supplementary Material, Fig. S4B ).
Hyperexcitability in response to injected current has been observed previously in this model of SCA1 (23), and has also been observed in Purkinje neurons from other models of ataxia (45, 53) . This suggests that PKC activity suppresses pathologic changes in Purkinje neuron excitability that are observed across multiple models of ataxia. In addition to action potentials originating at the axon initial segment, Purkinje neurons demonstrate dendritic spikes mediated by voltage-gated calcium channels (54) . A reduced threshold to dendritic calcium spikes in response to current injection reflects an increased intrinsic dendritic membrane excitability (55) . Dendritic excitability is perturbed in the ATXN1[82Q] model of SCA1, and targeting increased dendritic membrane excitability has been found to be an effective therapeutic strategy in this model (56) . To assess whether PKC activity modulates dendritic excitability, we examined whether the threshold to elicit dendritic calcium spikes in response to somatic current injection (in the presence of tetrodotoxin to block action potentials originating at the axon initial segment) differed between ATXN1 Fig. S4E ). Together with the findings from the SCA1 model these data suggest that conventional PKC isozymes may be mediating their protective effect on Purkinje neuron degeneration by limiting membrane hyperexcitability.
Discussion
In the current study, we demonstrate that increased PKC activity within Purkinje neurons is observed in mouse models of ataxia and human post-mortem SCA1 tissue. While the mechanism for increased PKC activity remains unclear, we have observed a reduction in Dagla transcripts in SCA1 and SCA2 mice that accompanies and may play a role in increased PKC activation. We also demonstrate in mouse models of both SCA1 and SCA2 that the increased PKC activity is a protective modifier of neurodegeneration. The worsened neurodegeneration following normalization of PKC activity in these ataxia models does not represent a non-specific deleterious effect of overexpression of two different transgenes in Purkinje neurons. Inhibiting a different kinase, Akt, through overexpression of a dominant negative Akt in Purkinje neurons of ATXN1[82] mice does not worsen Purkinje neuron degeneration (58) . Increased membrane excitability is a known driver of Purkinje neuron degeneration in mouse models of SCA1 and SCA2, and we find that PKC activity reduces membrane excitability in these models, suggesting that PKC activity may exert its neuroprotective effect on Purkinje neurons through its role as a regulator of ion channel function. Purkinje neuron PKC activation is required for long-term depression (LTD) at the parallel fiber-to-Purkinje neuron synapse (36) , and it is also required for the suppression in Purkinje neuron intrinsic excitability that accompanies this form of LTD (59) . PKC activation thus suppresses glutamatergic synaptic transmission and intrinsic excitability in Purkinje neurons. Notably, introducing a phosphomimetic mutation of Ser 880 on GluA2 occludes LTD at the parallel fiber synapse (60) . Also, ATXN1[82Q] transgenic mice are unable to induce parallel fiber LTD after 5 weeks of age (33) , such that our finding of increased Ser
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GluA2 phosphorylation in ATXN1[82Q] mice due to increased PKC activity may contribute to disease-associated changes in synaptic transmission. We also observed that inhibiting PKC activity increases intrinsic excitability in both ATXN1[82Q] and ATXN2[127Q] mice, suggesting that increased PKC activity modulates intrinsic excitability in SCA1 and SCA2. Our findings therefore suggest a role for increased PKC activity in both altered synaptic function and intrinsic membrane excitability in cerebellar ataxia. Changes in Purkinje neuron intrinsic excitability are widespread in models of ataxia (23, (51) (52) (53) (61) (62) (63) . Altered Purkinje neuron spiking is a consistent feature in a number of mouse models of ataxia. In mouse models of SCA1, SCA2 and SCA3 at early stages of disease, increased membrane excitability results in membrane depolarization and a lack of spiking (23, 45, 53, 56) attributed to depolarization block. At different disease stages, a reduction in Purkinje neuron firing frequency is consistently seen in models of SCA1 (20, 23) , SCA2 (38, 53) , and SCA6 (46) in vitro, often in association with irregular spiking in vitro and in vivo (46,47,61). These aberrant patterns of firing are also present in mouse models of ataxia resulting from calcium channel mutations (51, 52, 64) . Notably, studies of Purkinje neuron membrane excitability in models of SCA1 (23) and SCA2 (43) have revealed that increased excitability also drives Purkinje neuron degeneration. In these studies, activation of potassium channels reduces excitability and prevents Purkinje neuron degeneration; in the present study, increased excitability secondary to reduced PKC activity is observed in association with accelerated degeneration. While other roles for PKC could explain its neuroprotective role in SCA1 and SCA2 mice, the established role for increased excitability as a driver of degeneration in these models makes a compelling case for PKC acting through pathways that influence membrane excitability to modify pathology in SCA1 and SCA2. The findings from this study add further support to the critical role for increased intrinsic membrane excitability in Purkinje neuron degeneration in SCA1 and SCA2. Phosphorylation by PKC modulates the peak current (48, 65, 66) , voltage dependence (67, 68) or kinetics (18,69) of a diverse array of channels that includes voltage-gated sodium channels, voltage-gated calcium channels, potassium channels and non-selective cation channels. There are, therefore, many possible ion channel targets through which PKC activity could reduce Purkinje neuron excitability in SCA1 and SCA2. An ion channel targeted by PKC that is very relevant to the findings of the present study is K v 3.3, which shows slowed inactivation upon phosphorylation by PKC (18) . Mutations in KCNC3 (encoding K v 3.3) result in spinocerebellar ataxia type 13 (SCA13) (70) and most SCA13 mutations result in impaired channel function (71) . Furthermore, Purkinje neurons from mice lacking Kcnc3 expression show an increased propensity for dendritic calcium spikes (55) , which is similar to what was observed in the present study. These findings suggest that the potentiation of K v 3.3 by PKC isozymes may be particularly important for explaining reduced excitability and neuroprotection in SCA1 and SCA2. Future studies could evaluate the effects of increased PKC activity on individual ion channel targets, including K v 3.3.
The findings from the present study may be relevant to understanding disease pathogenesis in not only SCA1, SCA2 and (72), but mutant PKCc also has a reduced capacity to phosphorylate ion channel targets (16) and exerts a dominant-negative effect on PKCa (15) . The findings from the present study support the conclusion that PKC activity supports Purkinje neuron health, which is most consistent with a loss-of-function mechanism in SCA14. Furthermore, the present study suggests that increased Purkinje neuron excitability may play a meaningful role in the pathogenesis of SCA14. It is therefore important to examine intrinsic membrane excitability in models of SCA14. All data presented from these experiments were from mice at either 12 or 25 weeks of age.
Materials and Methods
Mice
Western blotting
Preparation of whole cerebellar samples Mice were euthanized following anesthesia with isoflurane, and cerebella were removed and flash -frozen in liquid nitrogen. Tissue was stored at À80 C until the time of processing.
Igepal homogenization buffer was prepared as follows: 50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1 mM EGTA, pH to 8.0, 1% Igepal CA-630 (cat. no. I8896, Sigma-Aldrich). EDTA-free protease inhibitor tablets (cat. no. 11873580001, Sigma-Aldrich) and PhosSTOP phosphatase inhibitor tablets (cat. no. 4906845001, Sigma-Aldrich) were added to homogenization buffer immediately before use. Whole cerebellar samples were homogenized using a Potter-Helvejm tissue grinder (Corning). The supernatants (soluble protein fractions) were collected and total protein concentration was determined using the Pierce BCA protein assay kit (prod. no. 23225, ThermoFisher), at which point the supernatants were resuspended in Laemmli buffer. Samples were then utilized immediately for western blots.
Preparation of organotypic slice culture samples Sagittal brain slices (300 mm thickness) were prepared as reported previously (23) . A total of 5-6 slices per brain were used in each set of cultures, divided evenly between control medium and experimental medium. After a quick wash in the corresponding medium, each slice was placed on a cell culture insert (0.4 lm pore size, 30 mm diameter; Millipore), which had been previously placed on a well (6-well plate) containing 1.2 ml of culture medium that had been pre-incubated at 37 C in 95% O 2 / 5% CO 2 . Control medium was prepared as follows: 50% minimal essential medium with Earle's salts, 25% horse serum, 25% Hank's balanced salts solution, 25 mM HEPES, 2 mM L-glutamine, 6.5 mg/ml glucose. EGTA-containing medium was prepared by starting with control medium, adding EGTA to a final concentration of 5 mM, and adjusting the pH to 7.4 with NaOH. Any sliceculture experiment involving treatment with a pharmacological agent was performed using experimental medium containing the pharmacological agent or control medium which contained an equivalent volume of vehicle. After 24 h of incubation at 37 C in 95% O 2 /5% CO 2 , lysates were prepared from cerebellar slices for immunoblotting. For immunoblotting protein lysate preparation, the cerebellum from each brain slice was macrodissected, and all cerebellar samples exposed to a given condition from each mouse were pooled and placed in ice cold Igepal homogenization buffer containing protease and phosphatase inhibitors (40 ml per slice), prepared as described above. Samples were immediately homogenized by pipette trituration followed by sonication in a 500 W sonic dismembranator with Misonix 3 00 cup horn attachment (cat. no. FB505110, QSonica). The supernatants (soluble protein fractions) were collected and total protein concentration was determined using the Pierce BCA protein assay kit (prod. no.
23225, ThermoFisher), at which point the supernatants were resuspended in Laemmli buffer. Samples were then utilized immediately for western blots.
In all cases where ATXN1[82Q] tg/tg and wild-type mice were compared, ATXN1[82Q] tg/tg and wild-type mice were matched so that slices were prepared from matched mice on the same day with the same reagents, and all subsequent sample preparation and analysis was performed using matched samples.
Electrophoresis and western blotting. Total protein from whole cerebellar extracts or slice culture extracts (50 lg) were resolved in 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. In the case of immunoblots for pSer 880 -GluA2 in SCA1 mice, 30 mg of wild-type extract and 60 mg of ATXN1 [82Q] tg/tg extract were loaded to produce equivalent GluA2 loading, suggesting differences in baseline GluA2 protein levels. After electrophoresis and protein transfer onto a polyvinyl difluoride membrane, corresponding membranes were incubated overnight at 4 C with primary antibodies: rabbit anti- 
Analysis of western blot films
Developed films were scanned and densitometry analysis was performed in ImageJ. For analysis of phosphorylated PKC substrates, the intensity of the entire lane following phospho-(Ser) PKC substrate antibody blotting was normalized to the intensity of a-tubulin band for each mouse. For analysis of pSer 880 -GluA2, intensity of the pSer 880 -GluA2 band was normalized to the intensity of total GluA2. For analysis of all other proteins, intensity of the band of interest was normalized to the intensity of a-tubulin for each mouse.
Tissue immunohistochemistry
Paraformaldehyde-fixed mouse immunofluorescence Mice were anesthetized with isoflurane and brains were removed, fixed in 1% paraformaldehyde for 1 h, immersed in 30% sucrose in PBS and sectioned on a CM1850 cryostat (Leica). 14 lm parasagittal sections were processed for immunohistochemistry.
For double immunofluorescence experiments, PKCa or PKCc were labeled with rabbit anti-PKCa (1: 100, Cat. no. ab4124, Abcam) or rabbit anti-PKCc (1: 500, Cat. no. ab71558, Abcam) and goat anti-rabbit Alexa488-conjugated secondary antibody For molecular layer thickness measurements, sections were prepared by the same method as described above. Purkinje neurons were labeled with mouse anti-calbindin (1: 1000, Cat. no. C9848, Sigma-Aldrich) and goat anti-mouse Alexa488 conjugated secondary antibody (1: 200, Ref. no. A11001, Life Technologies Invitrogen). Sections were imaged using an Axioskop 2 plus microscope (Zeiss) at either 10Â or 20Â magnification. Measurements were performed using cellSens Standard image analysis software (Olympus). Sample preparation was performed and images were obtained with experimenter blind to genotype.
Molecular layer thickness measurements
Measurement of molecular layer thickness was performed as described previously (23) . A line was drawn to measure 100 mm from the depth of the primary fissure along the length of the fissure. From the end of this line, a line was drawn to measure the distance to the nearest Purkinje neuron cell body in lobule V or VI. Measurements of molecular layer thickness were performed in two sections per animal, and reported molecular layer thickness for each animal is the mean of these two measurements. Molecular layer thickness measurement was performed with experimenter blind to genotype.
Paraffin-fixed mouse immunohistochemistry
Mice were anesthetized with isoflurane and brains were removed and fixed in 1% paraformaldehyde in PBS. Subsequently, brains were embedded in paraffin. 4 lm parasagittal sections were prepared.
Slides were hydrated by performing xylene rinses followed by ethanol gradient incubation. Subsequently, 10 mM sodium citrate antigen retrieval was performed by microwave boiling for 5 min. Tissue was then processed for immunohistochemistry. PKC substrate phosphorylation was labeled with rabbit antiPhospho-(Ser) PKC substrate antibody ( 
Paraffin-fixed human autopsy tissue immunofluorescence
For all immunohistochemistry using human autopsy tissue, 4 mm thick sections were prepared from paraffin-embedded human cerebellar tissue blocks. 11/12 SCA1 specimens were obtained from A. Koeppen, 1/12 SCA1 specimens were obtained from the University of Michigan Brain Bank and 7/7 agematched healthy control specimens were obtained from the University of Michigan Brain Bank. 7/7 MSA specimens and 7/7 age-matched AD control specimens were obtained from the University of Michigan Brain Bank. Slides were hydrated by performing xylene rinses followed by ethanol gradient incubation. Subsequently, 10 mM sodium citrate antigen retrieval was performed by microwave boiling for 5 min. Tissue was then processed for immunohistochemistry. PKC substrate phosphorylation was labeled with rabbit anti-Phospho-(Ser) PKC . Sections were imaged using a FV500 Olympus Confocal Microscope at 60Â magnification and single-plane images were obtained. Image acquisition settings were kept consistent for all samples to allow for comparison between patients and controls. Sample preparation was performed and images were obtained with experimenter blind to patient disease status.
For each patient and age-matched control, Purkinje neurons were identified as calbindin positive cells whose somata were located in the Purkinje neuron layer. A total of six images of individual Purkinje neurons were obtained for each patient or control, although for some MSA patients there were few surviving Purkinje neurons and it was not possible to obtain six images, in which case no fewer than four images were obtained. To reduce bias, images were obtained in areas were Purkinje neurons showed strong calbindin signal. Images were obtained with experimenter blind to patient disease status.
Analysis of human autopsy tissue immunofluorescence images
In SCA1 and age-matched healthy control tissue, measurements of average staining intensity for both phosphorylated PKC substrate staining and calbindin staining were performed in the soma. Measurements in each cell reflect the average intensity of a circular area encompassing the soma. Measurements were performed with experimenter blind to sample disease status.
For each Purkinje neuron from a given individual, a phosphorylated PKC substrate-to-calbindin intensity ratio was calculated, and in all graphs reporting these ratios each data point represents the mean of these ratios calculated from the four to six images obtained from a single patient. In all graphs where calbindin or phosphorylated PKC substrate intensity is reported, each data point similarly represents the mean of individual measurements from four to six images obtained from each patient. Error bars represent the standard error of the mean for those measurements within a given patient. Lines indicating the mean intensity ratio value or mean intensity across all patients of a group are also included. Statistics reflect a two-way ANOVA analysis, with statistical significance indicating whether there was a statistically significant effect of disease state on phosphorylated PKC substrate-to-calbindin intensity ratio, phosphorylated PKC substrate intensity or calbindin intensity.
RNA isolation and quantitative real-time PCR
Mice were euthanized following anesthesia with isoflurane, and cerebella were removed and flash frozen in liquid nitrogen. Tissue was stored at À80 C until the time of processing. Total RNA from each harvested mouse cerebellum was extracted using Trizol Reagent (Invitrogen) and subsequently purified using the RNeasy mini kit (Qiagen) following the manufacturer's instructions. cDNA was synthesized from 1 lg of purified RNA using the iScript cDNA synthesis kit (cat. no. 1708891, Bio-Rad 
Preparation of brain slices for electrophysiological recordings
Mice were anesthetized by isofluorane inhalation, decapitated and the brains were submerged in pre-warmed (33 C) aCSF.
Slices were prepared in aCSF held at 32.5-34 C on a VT1200
vibratome (Leica). Slices were prepared to a thickness of 300 mm and incubated in continuously carbogen (95% 0 2 /5% CO 2 )-bubbled aCSF for 45 min at 33 C. Slices were subsequently stored in continuously carbon-bubbled aCSF at room temperature until use. For recordings, slices were placed in a recording chamber and continuously perfused with carbogen-bubbled ACSF at 33 C with a flow rate of 2-3 ml/min.
Patch clamp recordings
Purkinje neurons from lobules II-V were identified for patch clamp recordings in parasagittal cerebellar slices using a 40Â water-immersion objective and Eclipse FN1 upright microscope (Nikon) with infrared differential interference contrast (IR-DIC) optics that were visualized using NIS Elements image analysis software (Nikon). Borosilicate glass patch pipettes were pulled with resistances of 3-5 MX. Recordings were made 1-5 h after slice preparation in a recording chamber that was continuously perfused with carbogen-bubbled ACSF at 33 C at a flow rate of 2-3 ml/min. Data were acquired using an Axon CV-7B headstage amplifier, Axon Multiclamp 700B amplifier, Digidata 1440A interface and pClamp-10 software (MDS Analytical Technologies). In all cases, acquired data were digitized at 100 kHz. Voltage data were acquired in current-clamp mode with bridge balance compensation and filtered at 2 kHz. Cells were rejected if the series resistance changed by >20% during the course of recording. Whole-cell somatic recordings were rejected if the series resistance rose above 15 MX, with the majority of recordings showing a series resistance of <10 MX. All voltages were corrected for a liquid junction potential of þ10 mV (75) .
Recordings to determine the current threshold for eliciting dendritic calcium spikes were performed as described above, but in aCSF containing 1 mM tetrodotoxin (Tocris Bioscience).
Analysis of cell capacitance
Whole-cell capacitance was measured using K-gluconate-based internal solution and analysed as described previously (23) . Briefly, capacitative transients were obtained in voltage-clamp mode using 1 s steps to À70 mV from a holding potential of À80 mV. The whole-cell capacitance was calculated as the area underneath the capacitative transient following offline correction for input resistance.
Analysis of baseline firing properties
Analysis of baseline firing properties was performed using Clampfit 10.2 (MDS Analytical Technologies). Firing frequency and coefficient of variation (CV) calculations were performed using a single 10 second trace obtained in the cell-attached recording configuration $3 min after formation of a stable seal. CV was calculated as follows:
CV ¼ Standard deviation of interspike interval Mean interspike interval Analysis of the AHP was performed using a single 10 second trace obtained $1 min after break-in. To calculate the AHP for each neuron, the minima for each spike in the trace were determined using the antipeak function of Clampfit, and the mean of those minima was reported as the AHP for each neuron.
Input resistance for each cell was calculated by generating an input-output curve for membrane potential versus injected current. This input-output curve encompassed only membrane potential measurements between À80 and À75 mV.
Analysis of dendritic calcium spike threshold
Input resistance for each cell was calculated by generating an input-output curve for membrane potential versus injected current. This input-output curve encompassed only membrane potential measurements between À80 and À75 mV in an effort to minimize the influence of dendritic excitability on measurement of input resistance. This method is consistent with previous studies using the calcium spike method to measure intrinsic dendritic excitability (55) .
Chemicals
Reagents and chemical were obtained from Sigma-Aldrich unless or otherwise specified.
Statistical analysis
Statistical tests are described in the figure legends for all data. Data are expressed as mean 6 S.E.M. unless or otherwise specified. Sample numbers are included in each panel, with the number of cells (n) or number of animals (N) included where appropriate. Studies were powered and analysis was performed assuming unequal variance between groups. Statistical significance for all Student's t-test analysis was defined as P < 0.05. For one-way ANOVA with Holm-Sidak multiple comparison test, adjusted P < 0.05 was considered statistically significant, and presented P values are adjusted P values. For two-way ANOVA, statistical significance was defined as P < 0.05. Data were analyzed using SigmaPlot (Systat Software), GraphPad Prism (GraphPad) and Excel (Microsoft).
Supplementary Material
Supplementary Material is available at HMG online.
